Simulated municipal solid waste (MSW) based on the actual proportional characteristics of MSW was loaded into a simulated leachate recirculation bioreactor landfill and the abundance of common and tolerant microbes exposed to dibutyl phthalate (DBP) were investigated in the initial, acidic and methanogenic phases. The results showed that the abundance of bacteria was greatest, while that of actinomycetes was smallest. The growth of microorganisms was not significantly inhibited by DBP during the initial phase; however, the growth of actinomycetes and fungi was inhibited during both the acidic and methanogenic phases, and the inhibition of actinomycetes was greater than that of fungi. When the DBP concentration was 5.0 g l -1 , the inhibition ratio against actinomycetes was 89.5% and 80.9% in the refuse from the acidic phase and methanogenic phase, respectively, while it was 86.2% and 51.0%, respectively, against fungi during the same period. The toxic effects of DBP on microorganisms in refuse occurred in the order of actinomycetes > fungi > bacteria. In addition, the populations of bacteria, fungi and actinomycetes were significantly and positively correlated with dehydrogenase activity, but negatively correlated with the VSS and BDM of refuse (P<0.01).
Introduction
Phthalic acid diesters (PAEs), which are primarily used as plasticicers in polyvinylchloride (PVC), are suspected to cause cancer and interfere with the reproductive systems and development of animals and humans [1, 2] . The United States Environmental Protection Agency and China National Environmental Monitoring Center have classified most PAEs as priority pollutants [3, 4] . Dibutyl phthalate (DBP) is one of the most widely used PAEs, and its consumption is growing rapidly globally and locally in China [2, 5] .
Biodegradation plays an important role in DBP decomposition [6, 7] . Indeed, studies of DBP in seawater, soil, activated sludge and a constructed wetland have revealed that it was degraded most rapidly in response to biodegradation [8] [9] [10] . Currently, most materials containing DBP are disposed of with other municipal solid waste (MSW) by landfill. Several researchers have confirmed that biodegradation was most important in the fate of DBP under landfill conditions in studies that focused on the transformation of DBP in leachate from simulated landfill reactors that were operated under conventional sanitary landfill conditions [11] [12] [13] .
Our research group has conducted studies from the viewpoint that bioreactor landfills are superior to conventional landfills and can provide an advantage for the transformation of organic materials [14, 15] . Additionally, the behavior of DBP in simulated landfill bioreactors has been evaluated and its concentration shown to decrease greatly during decomposition of the waste in bioreactors [16] . Furthermore, major loss of DBP from a landfill was observed in an active methanogenic environment [17] .
Microbes in refuse are the principal participants in organic materials degradation. After landfilling, the degradation of refuse is completed by the combined activities of hydrolytic bacteria, acidifying bacteria, hydrogen-producing acetogens and methanogens [18, 19] . Hydrolysis and methanogenesis are the rate-limiting steps in the refuse anaerobic degradation progress. Therefore, studies of the microbes involved in degradation of refuse in landfills have focused on hydrolytic bacteria and methanogens [18, 20, 21] . Three types of microbes, bacteria, fungi and actinomycetes, have different material transformation functions in landfills. The distribution of these three microbial flora in refuse was investigated by Filip et al. [22] , who found that the population of facultative aerobic bacteria was significantly greater than that of fungi and anaerobic bacteria. Previous studies have analyzed the microbial population of refuse of a single age. However, to date, few studies have been conducted to evaluate the dynamic distribution of these three microbial groups during landfill stabilization, and no analyses have been conducted in conjunction with investigations of the effects of organic materials such as DBP on these populations.
This study was conducted to measure the dynamic distribution of bacteria, fungi and actinomycetes during the landfill stabilization process and further reveal the mechanism of DBP biodegradation in a bioreactor landfill. Therefore, the refuse physicochemical and biochemical characteristics were evaluated during different phases in a simulated leachate recirculation bioreactor landfill (RL) to determine the dynamic distribution of common and tolerant bacteria, fungi and actinomycetes. Moreover, correlation analysis of the relationship between these three groups of microbes and moisture, VSS, pH, BDM, dehydrogenase, hydrogen peroxidase and polyphenol oxidase was conducted during the initial, acidic and methanogenic phases.
Materials and Methods
Tested Refuse. The refuse for the test was prepared by simulation of the actual proportional characteristics of MSW (collected from the Kaixuan transport station in Hangzhou, east China). To avoid the effects of DBP in the refuse itself, the components of the plastics and rubber were removed and the remaining particles were shredded into approximately 2 cm pieces and thoroughly mixed. The physical composition of the refuse (by weight) was as follows: kitchen waste 70.0%; paper 11.7%; sand and soil 8.1%; cellulose textile 1.5%; glass 7.3%; metal 0.7%; and wood 0.7%. The moisture content of the refuse was adjusted to 75.0% with tap water, after which the refuse was compacted. Experimental Set-up. Diagrams of the simulated landfill bioreactor used in this study are shown in Fig.1 . A leachate recirculation landfill bioreactor (RL) received leachate that was subsequently recycled into the landfill. The recycling ratio of the leachate was 100%. The landfill reactor was constructed of brick-concrete and had an effective size of 0.55 m×0.550 m×2.0 m (L×W×H). A plexiglass male adapter was installed at the bottom of the landfill bioreactor as a leachate drainage port. In addition, two such adapters were installed in the lid of the landfill bioreactor to enable leachate recirculation and gas collection. Furthermore, one MSW sampling port was installed on one side of the landfill. Prior to adding the refuse to the landfill bioreactor, a 5 cm layer of gravel was placed at the bottom of the bioreactor to retain refuse and prevent small particles from leaching out. The MSW was covered with a 5 cm layer of sand so the leachate would be well distributed when it was recycled. Finally, the reactor was sealed and operated at room temperature for 125 days. The structure, layout and operation of the landfill reactor were described in detail in the previous study of Fang et al. [17, 23] . Sampling Procedure. The characteristics of refuse samples collected from the landfill on days 0, 30, 60, 90 and 120 were determined. Refuse samples were withdrawn from the landfill reactor, after which they were cut and ground in several steps to 20 meshes for analysis. All analyses were conducted in triplicate to ensure the validity of the results. Analytical Methods. The pH of the refuse was determined as follows: 10 g dry samples were added into 50 mL of distilled water, after which the solution was stirred vigorously for 1 minute. After being allowed to stand for 30 minutes, the pH of the mixed liquor was analyzed using an acidity meter (pHs-3). The moisture and VSS of the refuse were determined using the methods described by Li [24] . The BDM of the MSW was analyzed using the potassium dichromate method [25] . The method of Guan [26] was used for analysis of the redoxase activities. Microbial Count. The populations of common bacteria, fungi and actinomycetes and tolerant bacteria, fungi and actinomycetes were investigated in this study. The media types and method used to count the common microorganisms were the same as those described by Long [15] . The media components for the tolerant microorganisms were similar to the common ones, and DBP was added to the media when its concentration was 0.1, 0.5, 1.0, 2.0 and 5.0 g l -1 , respectively.
Results and Discussion
Variation of Refuse Properties Fig.2 shows the changes in the moisture, VSS, pH, BDM and redox enzyme activities of the refuse over time. The moisture ratio decreased from 75% to 68% and 62% after 60 and 120 days, respectively. The VSS ratio was about 50% before day 60; however, it decreased significantly in the last two months. This may have been due to variations in the internal landfill environment. Additionally, the refuse was acidic in the first to third months, during which time the pH value once lowed to 5.7. However, the pH recovered to neutral in the fourth month. Moreover, the BDM decreased rapidly from 52% to 13% after 120 days. These findings may indicate that easily biodegradable organic material in the refuse had been degraded by microorganisms in the landfill. After 120 days, the refuse pH value was neutral, and the BDM was only about 13%, which indicated that the simulated landfill had completed the acidic phase and entered the methanogenic phase. Dehydrogenase is a very important index of organic anaerobic metabolism in refuse. The activities of dehydrogenase increased significantly as the landfilling time progressed. At day 90, the dehydrogenase activity of the refuse was about five times greater than the initial activity. This may indicate that the organic materials biodegradation was enhanced by methanogens when the bioreactor landfill changed from the acidic phase to the methanogenic phase. The hydrogen peroxidase activities were relatively high in the initial phase, after which they decreased quickly. This may have been due to reduction of the aerobic microbes. A similar phenomenon was observed when the polyphenol oxidase activities were evaluated, possibly because of the gradual decrease in oxygen and degradation of aromatic compounds. Classification of Refuse during Different Landfilling Periods. As described above, RL underwent three landfilling phases during four months, an aerobic degradation phase, acidic phase and methanogenic phase. The first phase was very short. Based on the refuse and leachate characteristics on day 30, RL had entered the acidic phase. The landfill environment was still acidic on day 90 (Fig. 2) , during which time the organic materials in the refuse were hydrolyzed, fermented continuously and produced various organic acids. However, after 120 days, RL entered the methanogenic phase. During this phase, methanogens transferred the organic acids, H 2 and CO 2 produced from the prior phase into CH 4 , which resulted in the leachate COD concentrations rapidly decreasing, the BDM of the refuse being greatly reduced and the pH value approaching neutral. The results were similar those of previous studies of leachate recirculation landfills [14, 27, 28] . Based on the above analyses, the refuse samples collected on days 0, 60 and 120 are defined as refuse in the initial phase, acidic phase and methanogenic phase, respectively, in the subsequent discussion. Variations among Microbial Flora in Refuse. Variations in microbial flora in refuse from different phases were analyzed in this study. In addition, microbes that showed good tolerance or degradation capabilities with respect to DBP (hereafter referred to as tolerant bacteria, fungi and actinomycetes) were also investigated. Table 1 shows variations in common bacteria and tolerant bacteria in refuse collected during different phases. The obtained bacteria were primarily facultative, except for some aerobic microbes that were isolated from the initial refuse. The population of facultative bacteria was larger than that moisture (■); VSS(•); BDM(▲); pH(☆)
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Selected Proceedings of the Eighth International Conference on Waste Management and Technology of fungi and actinomycetes. These results were similar to those of a study conducted by Filip (2000) . The population of common bacteria decreased slightly during the first month, then increased over time. The effect was not significant on bacteria when DBP was added to the medium. For refuse collected during the initial and methanogenic phases, when the concentration of DBP in the medium was 5.0 g l -1 , the population of tolerant bacteria was significant higher than that of common bacteria (p<0.05). The populations of various tolerant bacteria in the refuse collected during the acidic phase did not differ significantly; therefore, the growth of bacteria was not significantly inhibited by DBP. The bacteria had a high tolerance or degradation capability for DBP, which may explain why many types of DBP degrading microorganisms were isolated. Table 2 , the population of common fungi increased, but showed some fluctuations over time. The effects of DBP on fungi were not obvious in the refuse collected during the initial phase. The differences between the populations of tolerant and common fungi were not significant (p<0.05). However, the effect was enhanced in the refuse collected during later phases, especially when the DBP concentration was high. Specifically, the population of fungi in refuse with a DBP concentration of 2.0 g l -1 was significantly larger than of populations from refuse with DBP concentrations of 5.0 g l -1 . These results suggest that fungi be affected by DBP in the landfilling environment. 0.1 6.05±0.06 a 6.38±0.10 a 6.28±0.06 a 6.39±0.10 a 6.69±0.07 a 0.5 6.08±0.11 a 6.08±0.09 b 6.22±0.07 a 6.46±0.09 a 6.62±0.13 a 1.0 6.10±0.15 a 5.69±0.08 c 6.24±0.13 a 6.12±0.06 b 6.63±0.07 a 2.0 6.04±0.09 a 5.67±0.06 c 6.06±0.12 b 6.14±0.11 b 6.45±0.12 b 5.0 6.03±0.10 a 5.68±0.17 c 5.43±0.06 c 6.09±0.05 b 6.41±0.08 b Parameters in one column followed by different letters (a, b, c) are significantly different at P < 0.05. .08 c Parameters in one column followed by different letters (a, b, c) are significantly different at P < 0.05. Table 3 , the population of actinomycetes was lower than that of bacteria or fungi. The population of common actinomycetes fluctuated over time; however, it still presented an increasing tendency in the initial, acidic and methanogenic refuse. The population of actinomycetes was twice as large in the refuse of the methanogenic phase than in that of the initial phase. Similar to fungi, the populations of tolerant and common actinomycetes did not differ significantly in the refuse of the initial phase (p<0.05); however, this effect was enhanced in the refuse of the acidic and methanogenic phases, especially when the DBP concentration was high. Therefore, the growth of actinomycetes was inhibited during both the acidic phase and the methanogenic phase. Table 4 shows the inhibitory effect of DBP against the three types of microorganisms in refuse collected during different phases. The inhibition of DBP was not obvious in refuse from the initial phase. However, the growth of actinomycetes and fungi was inhibited during the acidic phase and the methanogenic phase, and the inhibition of actinomycetes was stronger than that of fungi. For example, when the DBP concentration was 5.0 g l -1 , the inhibition ratio against actinomycetes was 89.5% and 80.9% in the refuse from the acidic phase and methanogenic phase, respectively, while it was 86.2% and 51.0%, respectively, against fungi during the same period. The growth of bacteria was not significantly inhibited by DBP during the acidic and methanogenic phases. Overall, the toxic effects of DBP against microorganisms in refuse occurred in the following order: actinomycetes>fungi>bacteria. (2) X 1 , Moisture; X 2 , VSS; X 3 , pH; X 4 , BDM; X 5 , Dehydrogenase; X 6 , Hydrogen peroxidase; X 7 , Polyphenol oxidase.
As shown in

(3) DBP concentration was 5 g l -1 in the medium for each tolerant microorganism. (4)*, Significant correlations at P < 0.05 (two-tailed test); **, Significant correlations at P < 0.01 (two-tailed test).
Correlations between Three Types of Microbes and Environmental Factors.
The composition and the variations in the populations of the various types of microbes usually mirror the bioactivity level in the MSW landfills. The populations of the microbes are closely related to the landfill environmental factors. To comprehensively understand the relationship between the distribution of microbial flora in the refuse from different phases and the characteristics of this refuse, correlation analysis between the three types of microorganisms and the moisture, VSS, pH, BDM, dehydrogenase, hydrogen peroxidase and polyphenol oxidase of the refuse collected during the initial, acidic and methanogenic phases was conducted in this study. The results are shown in Table  5 .
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A significant correlation was observed between the populations of three types of common microorganisms, tolerant bacteria and tolerant fungi (p<0.01). However, the abundance of each individual common microorganism and the tolerant actinomycetes were not obviously correlated. In addition, the populations of bacteria, fungi and actinomycetes were significantly positively correlated with dehydrogenase activity, but negatively correlated with the VSS and BDM of refuse (P<0.01). This was due to the anaerobic degradation of the refuse being continually enhanced and the organic substances being mineralized accordingly. The biodegradable components of the refuse decreased and the humification level increased. These findings were in accordance with the transformation of organic substances during stabilization of the landfill. When the environment of the landfill was transferred from the acidic phase to the methanogenic phase, the refuse moisture decreased, pH increased to neutral, VSS and BDM were maintained at a low level, populations of bacteria, fungi and actinomycetes with high metabolism ability increased and the redox enzyme activities were enhanced. Furthermore, the types of microorganisms were abundant in the refuse of the methanogenic phase, indicating that this material can be used as a good media for isolation of dominant bacteria tolerant of DBP.
Conclusion
The abundance of common and tolerant microbes exposed to DBP was investigated in the refuse from the initial, acidic and methanogenic phases in RL. The abundance of bacteria was greatest, while that of actinomycetes was smallest. Microbial growth was not significantly inhibited by DBP during the initial phases. However, the growth of actinomycetes and fungi was inhibited during both the acidic and methanogenic phases, and the inhibition of actinomycetes was greater than that of fungi. The inhibition ratio against actinomycetes was 89.5% and 80.9% in the refuse from the acidic phase and methanogenic phase respectively when the DBP concentration was 5.0 g l -1 , while it was 86.2% and 51.0%, respectively, against fungi during the same period. The toxic effects of DBP on microorganisms in refuse occurred in the order of actinomycetes > fungi > bacteria. A significant correlation was found between the abundance of three types of common microorganisms, tolerant bacteria and tolerant fungi. Moreover, the abundance of bacteria, fungi and actinomycetes were significantly positively correlated with the dehydrogenase activity, but negatively correlated with the VSS and BDM of refuse (P<0.01).
